Adsorption of plantaricin Q7 on montmorillonite and application in feedback regulation of plantaricin Q7 synthesis by Lactobacillus plantarum Q7 Kieselguhr, bentonite, and montmorillonite were investigated as potential carriers of plantaricin Q7. Highest level of adsorption of plantaricin Q7 was obtained with montmorillonite. Meanwhile, visible inhibition zones were observed against Listeria monocytogenes for montmorillonite adsorbed with plantaricin Q7. Adsorption kinetics showed that the adsorption behaviour followed the pseudo-first-order and Weber's intra-particle diffusion models, suggesting two steps had taken place during the adsorption process. X-ray diffraction assays revealed that plantaricin Q7 was intercalated into the interlayer space of montmorillonites. Electrostatic, hydrogen bonding and hydrophobic interactions proved to play important roles in the mechanisms of interaction between montmorillonite and plantaricin Q7, as shown by infrared spectroscopy analysis. In addition, plantaricin Q7 production was inhibited by feedback regulation with its high concentrations. In order to remove product feedback inhibition in plantaricin Q7 production, a strategy was implemented for its adsorption onto montmorillonite during fermentation. The final plantaricin Q7 output reached 3713.40 IU/mL during fermentation using montmorillonite to adsorb plantaricin Q7, 41.61% higher than that of non-montmorillonite. These results indicate that montmorillonites are suitable carriers for plantaricin Q7 adsorption, and the adsorption of plantaricin Q7 onto montmorillonite during fermentation could be a good method to increase final plantaricin Q7 production.
Introduction
Bacteriocins of lactic acid bacteria are secondary metabolites produced as ribosomally synthesised peptides or proteins and can inhibit food spoilage and pathogenic bacteria such as Listeria monocytogenes (L. monocytogenes), Pseudomonas and Clostridium perfringens [1] [2] [3] . Bacteriocins, such as nisin, have been permitted to be used as food additives in several countries for controlling some pathogenic bacteria [4, 5] .
Correspondence: Dr. Xue Han (xhan@hit.edu.cn), School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin, Heilongjiang, 150090, P. R. China Abbreviations: FTIR, Fourier transform infrared spectra; L. monocytogenes, Listeria monocytogenes; L. plantarum, Lactobacillus plantarum; TEM, transmission electron microscopy; XRD, X-ray diffraction However, their anti-microbial activity can be impeded due to potential interactions with food components [6] . Thus, bacteriocins need a carrier to increase their stability and efficacy in food applications. According to previous reports, clays could be used as carriers of active molecules or drugs to improve their stability [7] . Clay may allow a controlled release of antimicrobial peptides and are regarded as safe food carriers and additives by US Food and Drug Administration and European Food Safety Authority [8] . Nonetheless, only nisin and pediocin were researched for adsorption into clays [9, 10] . Plantaricin Q7, a novel bacteriocin produced by Lactobacillus plantarum Q7, with a broad anti-microbial activity against Gram-positive and Gram-negative food-associated pathogens such as Listeria monocytogenes, Staphylococcus aureus, Pseudomonas fluorescen and Escherichia coli, had been reported by our group [11] . Although plantaricin Q7 showed good thermal and pH stability, anti-microbial activity was reduced by interactions with food components, such as proteases [11] . Therefore, studies on the use of clays as carriers for plantaricin Q7 are conducive to developing further applications in the food industry for plantaricin Q7.
In addition, the commercial application of bacteriocin is hindered by low production levels [12] . The biosynthesis and regulation of bacteriocins has been widely studied. Typically, culture medium supplementation with growth stimulating factors, such as carbon and nitrogen sources, and vitamins, or adjustment of the medium's pH, temperature and incubation atmosphere can increase bacteriocin production [13] [14] [15] [16] . Moreover, biosynthesis of bacteriocins is regulated through a three-component regulatory system, which is composed of signal molecule, histidine protein kinase (HPK) and response regulator (RR) [17] . These signal molecules accumulate in the environment as the cell density increases and is sensed by the corresponding HPK, resulting in activation of the RR, which finally activates the expression of all operons necessary for bacteriocins synthesis, transport and regulation [18] . However, the biosynthesis of bacteriocins is inhibited at the late logarithmic growth phase. This may be due to the feedback regulation of bacteriocins inhibiting own synthesis [5] .
In this study, the interaction of plantaricin Q7 with clays was evaluated firstly. Afterwards, we examined feedback regulation affecting plantaricin Q7 synthesis from L. plantarum Q7. Lastly, in order to remove the feedback regulation of plantaricin Q7, a strategy of adsorption into clay during the fermentation was implemented.
Materials and methods

Bacteria and medium
The plantaricin Q7 producer L. plantarum Q7 was isolated and identified previously from Yak milk yoghurt in Qinghai, China [11] , and stored at -20°C in MRS broth containing 20% (v/v) glycerol. L. monocytogenes (preserved in the Harbin Institute of Technology) was used as an indicator strain and was stored at -20°C in brain heart infusion broth (Qingdao Hope Bio Technology Co., Ltd., Shandon, China) containing 20% (v/v) glycerol. Before use, all organisms were propagated twice in corresponding media at 37°C for 24 h.
Anti-microbial activity determination and cell growth measurement
Anti-microbial activity was quantitatively determined by the agar well diffusion assay using nisin as the standard bacteriocin and L. monocytogenes as the indicator strain. A stock nisin solution was prepared by adding 0.030 g commercial nisin (Aladdin Shanghai Biochemical Technology Co., Ltd., Shanghai, China) to 10 mL of sterile ddH 2 O. Standard nisin solutions of 3000, 2500, 2000, 1500, 1000, 750, 500, 375, 250, 125, 62.5 and 0 IU/mL were prepared using the 3000 IU/mL nisin stock solution and utilized to construct the standard curve [11, 19] . Cell density was determined at 600 nm using a UV-5100 spectrophotometer (Shanghai Metash Instruments Co., Ltd, Shanghai, China).
Adsorption of plantaricin Q7 onto clays
Plantaricin Q7 solution was obtained by adsorption-desorption technique described by Yang et al. and Benkerroum et al [20, 21] . Briefly, Lactobacillus plantarum Q7 was grown overnight in MRS broth. The culture was then heated at 70°C for 30 min. The heated culture was then adjusted to pH 6.0 by adding 5 M NaOH solutions and kept at room temperature for 2 h. Afterward, cells were harvested by centrifugation at 8000 × g for 15 min. The cell pellets were washed twice with sterile water and resuspended in NaCl solution (0.1 M) at pH 2. The cell suspension was stirred for 3 h at room temperature, and cells were removed by centrifugation at 8000 × g for 15 min. The resulting supernatant was a plantaricin Q7 solution. Anti-microbial activity for plantaricin Q7 solution was determined by agar well diffusion assay.
Adsorption tests were performed for each clay (kieselguhr, bentonite or montmorillonite) (Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China) by adding 1 g of clay to 100 mL plantaricin Q7 solution (2700 AU/mL). These bacteriocin-clay systems were maintained for 1.5 h at room temperature and 120 rpm. This time and concentration of clays were sufficient to reach equilibrium. Afterward, bacteriocin-clay systems were centrifuged at 10 000 × g for 10 min. Supernatants were recovered and residual anti-microbial activity was determined. The pellets (plantaricin Q7-adsorbed clays) obtained after centrifugation were washed twice with sterile water and were also assessed for anti-microbial activity using the agar well diffusion assay.
In order to find the optimal addition amount for clays, 0.005, 0.01, 0.05, 0.1, 0.25 and 0.5% (w/v) of clays were added to 100 mL plantaricin Q7 solutions (2700 AU/mL), which were maintained for 1.5 h at room temperature and 120 rpm. Afterwards, the mixture was centrifuged at 10 000 × g for 10 min. Supernatants were recovered and residual anti-microbial activity was determined.
In addition, adsorption kinetics were carried out at optimal concentration of plantaricin Q7. Different adsorption times (0, 10, 20, 30, 40, 50, 60, 70, 80 and 90 min) were executed by mixing 0.25% clays with 100 mL plantaricin Q7 solution (2700 AU/mL) at room temperature and 120 rpm. Residual anti-microbial activity test was the same as for that of the experiments of the addition amount for clay.
The characterization of montmorillonite adsorbed plantaricin Q7
After exposure to plantaricin Q7 solutions, the montmorillonite adsorbed plantaricin Q7 was recycled and analyzed. Commercial montmorillonites were analyzed as controls. X-ray diffraction (XRD) analysis in the range of 2θ from 10 to 80 degrees using DX-2500 (Fangyuan, China) and low angle XRD analysis in the range of 2θ between 3 and 10 degrees using SmartLab-9 (Rikagu, Japan) were carried out. The morphology of montmorillonite with or without adsorbed plantaricin Q7 was examined by transmission electron microscopy (TEM) (TECNAI G2 TF20, USA). Fourier transform infrared (FTIR) spectra were studied using FTIR-8400S (Shimadzu, Japan) in the range of 400-4000 cm −1 in attenuated total reflectance mode with a diamond crystal with KBr pellets technique.
Effect of cell growth on plantaricin Q7 production
L. plantarum Q7 was grown in MRS broth at 37°C for 40 h, and bacteriocin activity and cell density was determined every 2 h.
Effect of exogenous addition of plantaricin Q7 and medium exchange on plantaricin Q7 synthesis
To study the effect of exogenous addition of plantaricin Q7, different concentrations of plantaricin Q7 (0, 200, 400, 700, 1500 and 1700 IU/mL) were added to MRS broth. Then they were incubated at 37°C for 16 h.
To investigate the influence of medium exchange on plantaricin Q7 synthesis, L. plantarum Q7 was inoculated in MRS broth at 37°C for 12 h. Then, the growth medium was divided into two parts. (a) growth medium incubated at 37°C for 12 h as control, (b) equivoluminal growth medium was centrifuged (8000 rpm, 5 min), and the cell pellet was washed twice with sterile water and collected. Equivoluminal fresh MRS broth (pH = 4) was added to cell pellet. After vortex shock, it was again incubated at 37°C for 12 h. Bacteriocin activity for all experiments was measured as described above.
Adsorption of plantaricin Q7 onto montmorillonite during batch fermentation
L. plantarum Q7 was inoculated in MRS broth at 37°C for 12 h, then centrifuged at 8000 rpm for 5 min. Supernatants and cell pellet were separately recovered. Plantaricin Q7 from supernatants was adsorbed by adding 0.25% of montmorillonite. The plantaricin Q7-montmorillonite systems were then centrifuged at 10 000 × g for 10 min. Supernatants without plantaricin Q7 were recovered. Cell pellets were washed twice using sterile water and re-added to supernatants without plantaricin Q7, followed by cultured at 37°C for 12 h. This step was repeated, and antimicrobial activity was determined once every 12 h. Residual protein and glucose content in the medium was measured every 12 h using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, MA, USA) and phenol-sulfate method [22] . 
Statistical analysis
All data were expressed as the mean of three independent experiments. All statistical analyses were performed using Origin 8.6 (OriginLab, USA), Quantity One 4.6.1 (Bio-Rad) and SPSS 19.0 (IBM Corp., NY, USA) software.
Results and discussion
Adsorption effectiveness of different clays on plantaricin Q7
Adsorption assays for plantaricin Q7 were carried out with three clays (kieselguhr, bentonite and montmorillonite). The results showed that the rate of adsorption varied substantially ( Table 1) . The adsorption of plantaricin Q7 was higher onto montmorillonite, since no residual anti-microbial activity was detected in the supernatants exposed to montmorillonite. For bentonite, the percentages of adsorbed plantaricin Q7 reached 92.08%. However, kieselguhr presented the lowest adsorption potential compared with montmorillonite and bentonite, as percentages of adsorbed plantaricin Q7 were only 9.34%. Once plantaricin Q7 adsorbed on montmorillonite, plantaricin Q7 maintained its anti-microbial activity, and inhibition zones were visible when plantaricin Q7 adsorbed montmorillonite (suspended in sterile water) were used in the agar well diffusion assay (Fig. 1 ). In addition, the effect of montmorillonite dosage on plantaricin Q7 adsorption was shown in Fig. 2 . The adsorption rate of plantaricin Q7 by montmorillonite increased with increase in the montmorillonite mass. An increase in the montmorillonite mass from 0.005 to 0.25% led to an increase in adsorption rate of plantaricin Q7 from 22.94 to 100%, as the available surface area and adsorption sites of montmorillonite increase with increasing mass of adsorbent. Therefore, an equilibrium or optimum addition amount for montmorillonite was observed at 0.25%.
Kinetic model by montmorillonite adsorbed plantaricin Q7
Adsorption kinetic studies can provide important information concerning adsorption rate and process. Fig. 3A and Fig. 3B show the pseudo-first-order and pseudo-second-order models for the adsorption of plantaricin Q7 onto montmorillonite, respectively. These two kinetic models can be expressed in linear form as follows:
where q e and q t (IU/mg) represent the amounts of plantaricin Q7 adsorbed at equilibrium and time (min), respectively. k 1 (min −1 ) is the rate constant of the pseudo-first-order model and k 2 (IU/(mg·min)) is the pseudo-second-order rate constant. The kinetic parameters including correlation coefficients (R 2 ), k 1 , k 2 and calculated q ec values are determined by linear regression, as displayed in Table 2 . It can be easily observed that the q ec values of the two kinetic models are very close to the experimental q e (1276.19 IU/mg), but the R 2 of the pseudo-first-order model is obviously higher than the pseudo-second-order model. It suggests that the adsorption process follows the pseudo-first-order rather than pseudo-second-order model.
In addition, the steps of adsorption process are studied thoroughly with Weber's intra-particle diffusion model, which is represented by the equation:
where k i (IU/ (g min 1/2 )) is the intra-particle diffusion rate constant and c (mg/g) represents the intercept related to the adsorption steps. Fig. 3C shows the multilinear plots of intra-particle diffusion process of plantaricin Q7 adsorption onto montmorillonite. Two linear stages were observed during the adsorption process, which represent the external and internal diffusion stage of the montmorillonite (Fig. 3C , c 1 and c 2 ). The Rc 1 2 (0.9918) and Rc 2 2 (0.9587) of the two stages imply the good applicability of Weber's intra-particle diffusion model in studying the adsorption process. Furthermore, the first linear stage had a high rate constant (k i1 = 289.1806 IU/ (g min 1/2 ), indicating that a high amount of plantaricin Q7 is adsorbed on the external surface of montmorillonite. However, the rate constant in the second linear stage declined sharply (k i2 = 14.7261 IU/ (g min 1/2 ), showing that the intra-particle diffusion is a gradual process. According to reports, the adsorption sites on montmorillonite are on both internal and external surfaces [9] . Anti-microbial ability of adsorbed bacteriocin required their release from surfaces to inhibit or kill other bacteria. Meira reported that bacteriocin adsorbed on the external surface was more available or freely desorbed compared with that adsorbed on the internal surface [9] . The Weber's intraparticle diffusion model showed that nearly all plantaricin Q7 was adsorbed on the external surface of montmorillonite, since visible inhibition zones were obtained for montmorillonite adsorbed with plantaricin Q7 (Fig. 1) . On the other hand, bacteriocin may undergo conformational changes when adsorbed on surfaces [23] , which changes can reduce anti-microbial activity of bacteriocin, as previously reported by Dawson [10] . Thus, the anti-microbial activity of montmorillonite adsorbed with plantaricin Q7 was decreased, compared with plantaricin Q7 in solutions without adsorption. Nevertheless, anti-microbial activity and release of bacteriocin adsorbed on adsorbent can be improved by physical and chemical modification for clays, such as acid treatment, and octadecylamine modifications [9, 24] . Therefore, further testing the effects of modified clays using different methods to modify anti-microbial activity and release of bacteriocin is needed.
Characterization of plantaricin Q7 adsorbed on montmorillonite
The results of XRD experiments for montmorillonite and plantaricin Q7 adsorbed on montmorillonite are shown in Fig. 4A . In this study, montmorillonite showed a basal reflection peak at 2θ = 5.68, accounting for a 0.78 nm interlayer distance. The position of this clay diffraction peak changed to 2θ = 4.96 after plantaricin Q7 adsorbed montmorillonite, increasing the interlayer spacing of the clay to 0.89 nm. It indicated that a modification of the interlayer space distance occurred due to an intercalation of plantaricin Q7 in montmorillonite layers, suggesting that plantaricin Q7 probably adsorbed on montmorillonite by 'frustrated intercalation' . These results are in agreement with Ibarguren [8, 25] . TEM micrographs of montmorillonite and plantaricin Q7 adsorbed montmorillonite are shown in Fig. 4C 1 and C 2 . Montmorillonite clearly showed a layered platy structure. However, no morphological differences were observed by TEM images after plantaricin Q7 adsorption. This result is consistent with the report of Meira [9] . FTIR was used to explore the molecular environment of montmorillonite after interaction with plantaricin Q7 (Fig. 4B) In particular, plantaricin Q7 adsorbed montmorillonite showed two specific bands around 2960 and 1542 cm −1 , related to C-H asymmetric stretching of CH 2 or CH 3 and N-H bending vibration, respectively. This result confirmed that plantaricin Q7 had been adsorbed by montmorillonite.
Electrostatic interactions have been reported to play an important role in the interaction of bacteriocin with clays. Previous studies have suggested that nisin and pediocin were adsorbed into clays by electrostatic interactions [8, 9] . Nisin and pediocin both contain positively charged residues, such as lysine and histidine residues. These alkaline amino acid residues can interact with the negatively charged surfaces of clays. Previously our laboratory discovered that plantaricin Q7 is a cationic peptide, which consisting of 40 amino acids including seven lysine, five arginine and two histidine residues [11] . In the same manner, the protonation of these residual amino groups can favour electrostatic interactions between plantaricin Q7 and the negatively charge surface of montmorillonite. In addition to electrostatic forces, non-electrostatic interactions, such as hydrogen bonding and hydrophobic interactions were also important for the adsorption mechanisms between bacteriocin and clays. FTIR spectra show two bands assigned to Si-O vibrations at 1085 and 1039 cm −1 , reflecting a possible interaction between plantaricin Q7 and montmorillonite via the formation of hydrogen bonds. Moreover, plantaricin Q7 contains seventeen hydrophobic amino acids, indicating good hydrophobic properties. This indicates that hydrophobic interactions can occur between the siloxane surface of montmorillonite and these hydrophobic amino acid side chains of plantaricin Q7.
Feedback regulation of plantaricin Q7 synthesis by L. plantarum Q7
Cell density is an important parameter for bacteriocin biosynthesis. In general, bacteriocin production increased rapidly during the logarithmic growth phase (4-12 h), reached a maximum at the late logarithmic growth phase (12 h), and reduced slightly at early stationary phase, as shown in Fig. 5A . A possible explanation is that the observed decrease was caused by some proteases, as speculated by Kim [26] . This result suggested that the production of plantaricin Q7 was closely associated with cell growth but is not necessarily proportional to the cell concentration. It was speculated that the cells perceived the concentration of plantaricin Q7 and controlled plantaricin Q7 accumulation level depending on its concentration. To test this hypothesis, the effect of the exogenous addition of plantaricin Q7 on the culture of plantaricin Q7 biosynthesis from L. plantarum Q7 was studied. The results in Fig. 5B showed that total production of plantaricin Q7 was at the same level regardless of the initial production of plantaricin Q7 in the medium. However, plantaricin Q7 biosynthesis from L. plantarum Q7 was suppressed with exogenous addition of plantaricin Q7. Based on the above findings, it was expected that removal of plantaricin Q7 in the medium would stimulate further production. So, we researched a strategy for medium exchange. The results in Fig. 5C show that the production of plantaricin Q7 reached a maximum at 12 h without medium exchange. However, after the medium was refresh at 12h, L. plantarum Q7 continued to produce plantaricin Q7 from 12 to 24 h. Therefore, plantaricin Q7 productivity can be improved by reducing the concentration of plantaricin Q7 in the medium. This result also suggested that plantaricin Q7 production depended on the concentration of plantaricin Q7 in the medium. In conclusion, plantaricin Q7 production was regulated by a product feedback mechanism. Therefore, removal of plantaricin Q7 from the medium will lead to a more efficient culture system for plantaricin Q7 biosynthesis.
Removing feedback inhibition by plantaricin Q7 adsorption to montmorillonite
In order to avoid feedback inhibition by high plantaricin Q7 concentrations, a strategy of plantaricin Q7 adsorption into montmorillonite was performed. The plantaricin Q7 production during batch fermentation with and without adsorption to montmorillonite is shown in Fig. 6A . In batch fermentation without adsorption, the maximum plantaricin Q7 production was achieved at 12 h. Then, a slight decrease was observed after reaching the maximum peak value. Notably, in batch fermentation with adsorption, plantaricin Q7 production was improved from 12 to 24 h after the first adsorption of plantaricin Q7 to montmorillonite. This indicated that when plantaricin Q7 was removed during fermentation by adsorption to montmorillonite, L. plantarum Q7 was capable of synthesising plantaricin Q7 after 12 h. Similar results were obtained from 24 to 36 h after the second adsorption to montmorillonite. However, after a third adsorption, synthesis of plantaricin Q7 from L. plantarum Q7 was inhibited from 36 to 48 h. This may have been caused by L. plantarum Q7 cell lysis or death. In addition, the cell growth during fermentation was quite similar from 12 to 36 h with and without adsorption. The cells proliferated slowly from OD 600 = 2.22 to OD 600 = 2.38, indicating that montmorillonite did not remove any nutrients required for growth from the medium. Meanwhile, a sharp decrease in protein concentration (7.07-5.05 g/L) and glucose concentration (12.88-1.31 g/mL) occurred during fermentation with adsorption compared with fermentation without adsorption (Fig. 6B ). This result implies that protein and glucose consumption in fermentation with adsorption not only provided energy for growth but also supplied synthetic material and energy for plantaricin Q7. Nevertheless, protein and glucose were not consumed from 36 to 48 h. This also indicates that all the cells had died or lysed at this stage. The adsorption of plantaricin Q7 onto montmorillonite during fermentation could be a good way to increase the final plantaricin Q7 production. The final plantaricin Q7 production reached 3713.40 IU/mL during fermentation with adsorption, which was 41.61% higher than during fermentation without adsorption.
Concluding remarks
Plantaricin Q7 was able to adsorb onto montmorillonite. The adsorption capacity of montmorillonite at room temperature could reach up to 1276.19 IU/mg, which proved to be a high-efficiency adsorbent for plantaricin Q7. The pseudo-first-order and Weber's intra-particle diffusion models were fitted to the results and showed that two steps had taken place during the adsorption process and that plantaricin Q7 was adsorbed on the internal and external surfaces of the montmorillonite. XRD analyses provided evidence for the intercalation of plantaricin Q7 on montmorillonite. However, no morphological differences were observed by TEM images between montmorillonite and plantaricin Q7 adsorbed montmorillonite. Electrostatic, hydrogen bonding and hydrophobic interactions were inferred by FTIR analysis, which was important for elucidating the mechanisms of interaction between montmorillonite and plantaricin Q7. Meanwhile, the anti-microbial activities of plantaricin Q7 adsorbed montmorillonite were stable and obvious. Therefore, montmorillonite adsorbed with plantaricin Q7 proved to be a promising application as an anti-microbial peptide in food complex systems. On the other hand, plantaricin Q7 production was inhibited by feedback regulation in high plantaricin Q7 concentrations. Thus, avoiding potential feedback inhibition, a strategy for the adsorption of plantaricin Q7 onto montmorillonite during fermentation was used to increase plantaricin Q7 production. Finally, the plantaricin Q7 level reached 3713.40 IU/mL in fermentation with adsorption, 41.61% higher than that of fermentation without adsorption. These findings could be used as a feasible method for more efficient bacteriocin production by L. plantarum.
Practical application
Plantaricin Q7 is a novel bacteriocin produced by Lactobacillus plantarum Q7. However, the interaction of bacteriocin with food components reduces its inhibitory effect when directly introduced into food systems. Thus, it needs a carrier to increase its stability and efficacy. Clay as bacteriocin carrier provides an approach to protect antimicrobial activity. Therefore, studies on the use of clays as carriers for plantaricin Q7 are conducive to developing further applications in the food industry. Biosynthesis of bacteriocin is inhibited by feedback regulation. A strategy of adsorption into clay during the fermentation can remove feedback regulation of bacteriocin. So, these findings could be used as a feasible method for more efficient bacteriocin production. 
